Cathodes with high energy density and safety are sought to improve the performance of Li ion batteries for electric vehicle and consumer electronics applications. In this study, we examine the properties of the potential new cathodes Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 for M = V, Mo with density functional theory calculations. These compounds emerged as potentially interesting cathodes from a high-throughput computational search. In this work, we investigate computationally the voltage, volume change, stability, safety, and diffusivity of Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and find that extracting the final Li in this material will be difficult due to voltage and safety concerns. We suggest the yet-unreported class of compounds Li x V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 as a potential improvement over the pure V compound. In particular, our computations indicate that y = 2/3 deserves further computational and experimental attention.
. Two views of the Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure. 70 Blue polyhedra represent MO 6 , light purple polyhedra represent PO 4 tetrahedra, and green atoms indicate Li. The drawing on the left demonstrates the alternating layers of Li and M 3 (P 2 O 7 ) 3 (PO 4 ) 2 along the c-axis. The drawing on the right, projected along the c-axis, demonstrates the channels created by the anion groups and their occupancy by Li(1) sites (center). but sometimes increased the mesh to 4 × 4 × 2 to aid in numerical convergence. The magnetic state of all compounds was assumed to be ferromagnetic.
The crystal structures of Li 9 V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 were generated by starting with the positions of the Li 9 Fe 3 (P 2 O 7 ) 3 (PO 4 ) 2 crystal structure as reported in the Inorganic Crystal Structure Database (ICSD) 34, 35 and performing two consecutive structural relaxations using the AFLOW software. 36 Because Li positions can sometimes be difficult to resolve by X-ray diffraction, we computed the Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure starting with slight adjustments to the experimentally-reported Li positions. We calculated 50 structures with the Li starting positions subjected to a random displacement of 0.1-0.2 Å, but did not find a lower-energy ground state.
Many of our calculations involve testing multiple cation orderings to find a ground state. All ground states determined through this procedure were recomputed with electronic and ionic cutoffs tightened by a factor of ten, i.e., electronic cutoff of n * 5 * 10 −6 eV and ionic cutoff of n * 5 * 10 −5 eV where n represents the number of atoms in the cell. For these calculations, we expect our total energies to be converged to approximately 10 meV/f.u. (∼0.2 meV/atom) with respect to electronic and ionic cutoff energy. 6 Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 convex hull methodology.-For each integer x in Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , we computed the ab initio energy of 100 unique orderings of Li + ions 37 with the lowest electrostatic energy (as determined by Ewald summation). 38 This strategy was first described by Hautier et al. 39 For x = 3 to x = 5, we calculated 25 additional orderings for which we enforced the Li (1) and Li(2) occupancies to be zero. These additional orderings were high in electrostatic energy, but were computed to more thoroughly test which Li arrangement is energetically favorable upon delithiation. 70 The Li sites are distributed amongst three positions with occupancies Li(1) = 1, Li(2) = 2, Li(3) = 6. The Li (1) and Li(2) sites are labeled and are stacked and rotated along the c-axis. The Li(3) sites are unlabeled and form 6-member rings by corner sharing. The Li(3) sites also share an edge with the Li(1) sites in the channel. The gray plane along a-b is positioned halfway along the c-axis, directly between the anion layers.
Voltage profiles.-To determine the voltage profiles for the M = Mo and M = {Mo,V} systems, we did not perform an exhaustive search for the lowest energy Li configurations at intermediate states of delithiation. Instead, we used the lowest-energy Li orderings determined for Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 to compute the voltage profiles for all Mo-doped compounds. For x < 3 (for which no V orderings exist), we computed up to 25 Li orderings. Although using the Li orderings determined for M = V in the Mo-doped compounds is an approximation, we expect that these orderings will be close in energy to the ground state and will produce reasonably accurate voltage profiles. For the mixed Mo-V compounds, our approximation may be less valid as charge ordering of the metals might more strongly influence cation site energies. However, our assumption is somewhat supported by a previous study from Morgan et al., which demonstrated that similar voltage features occur for pure vanadium NASICON cathodes compared to alloyed NASICON cathodes. 40 Li-V antisite defect energies.-Vanadium migration upon charging has been linked with irreversible structure changes and capacity loss in layered Li x VO 2 41 and spinel Li x V 2 O 4 . 42 As a first step toward investigating whether V migration might play a role in the observed capacity loss 26, 28 for Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , we calculated V-Li antisite defect energies for both fully lithiated and fully delithiated states.
For fully lithiated Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , we started with a 98 atom unit cell and calculated all 108 possible exchanges of one Li site for one V site, i.e., (Li 17 V 1 )(V 5 Li 1 )(P 2 O 7 ) 3 (PO 4 ) 2 . For the delithiated state, we calculated all possible exchanges of Li and V in our ground state ordering for Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , which contains one Li(1) site and two Li(3) sites. We additionally calculated orderings in which we exchanged V with an empty Li(2) site (without affecting Li(1) and Li(3) positions).
Phase Diagrams to Assess Thermodynamic Stability and Safety.-
We computed 0 K, 0 atm phase diagrams for Li-V-P-O, Li-Mo-P-O, and Li-V-Mo-P-O using methods described in previous publications. 43, 44 Data was taken from the Materials Project database 6, 45 using crystal structures from the ICSD. 34, 35 We assessed safety by calculating the critical O 2 chemical potential for oxygen release in the charged state according to the methodology outlined by Ong et al. 5 Oxygen chemical potential ranges for typical binary oxides can be found in the supporting information of Hautier et al. 39 We assessed thermodynamic stability of the target compounds by assessing their decomposition energy into known compounds as determined by our phase diagrams. Positive decomposition energies reflect instability of the compound with respect to decomposition; a decomposition energy of zero represents a stable phase.
Diffusion.-We computed migration barriers for Li motion using the Nudged Elastic Band (NEB) method. 46, 47 We used the GGA functional 29 (without +U) to avoid charge localization and the need to calculate multiple charge orderings for each NEB. Lattice parameters were fixed at the calculated GGA+U values. All NEB calculations were performed with a single Li vacancy in the primitive cell, which contains two formula units and two Li layers as illustrated in Figure 1 .
Experimental.-Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 was synthesized by mixing stoichiometric ratios of Li 2 CO 3 , NH 4 H 2 PO 4 , and V 2 O 5 . The powder mixture was ground manually and then dry ball milled in a Paul O. Abbe, Inc., rotary ball mill at 300 RPM for 15 hours. The precursors were pressed into disk-shaped pellets and precalcinated at 350 • C for 10 hours under a reducing gas mixture of 3% H 2 and 97% Ar. The resulting mixture was re-ground manually using a mortar and pestle, re-pelletized, and subjected to a heat-treatment of 700 • C for 10 hours in an environment of 3% H 2 and 97% Ar to produce the desired phase. X-ray characterization was performed using a Rigaku Diffractometer using Cu Kα radiation ( Figure 5 ) with 0.02 • scanning steps and 3s sample time. Rietveld refinement and profile matching of the powder diffraction data were performed with X'pert HighScorePlus using space group P3c1. Electrochemical tests were performed in a Swagelok style cell using a cathode composed of 80 wt% active material, 15 wt% carbon black, and 5 wt% polytetrafluoroethylene (PTFE) binder mixed using mortar and pestle in an Ar-filled glove box. The total weight of the cathode was approximately 1.83 mg. Lithium metal foil was used as the anode, Celgard 2500 was used as the separator, and 1M LiPF6 in 1:1 ratio of ethylene carbonate:dimethyl carbonate solution was used as the electrolyte. Electrochemical tests were performed at room temperature in galvanstatic mode on a Maccor 4000 tester at C/10 rate (assuming theoretical capacity of 173 mAh/g) between 2.0 and 4.7 V. Before the first charge, the cell was allowed to rest for 6 hours. All cell tests had 1 minute open-circuit rest at the end of each charge and discharge.
Structure and Stability of Li x M 3 (P 2 O 7 ) 3 (PO 4 ) 2
The lithiated phases Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 . -Table I lists computed and known lattice parameters for M = {Fe, Al, V, and Mo} versions of the Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure. Our computed lattice parameters are approximately 0.1 Å-0.2 Å larger than those reported in experiments (regardless of metal), which is typical of the GGA functional. Some of the c lattice discrepancy may be attributed to the incomplete description in GGA of van der Waals interactions between layers.
We calculate a density of 2.65 g/cm 3 for M = V and 2.92 g/cm 3 for M = Mo. The lower theoretical density of the Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 compared with olivine LiFePO 4 (3.49 g/cm 3 ) is expected because the olivine structure has very high density compared to other phosphate structures. 22 The lower structural density of the Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure leads to a lower theoretical volumetric capacity per electron than LiFePO 4 . The theoretical volumetric capacities for Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 (two electrons) and Li 9 
2 to be about an order of magnitude higher than that of LiFePO 4 . 28 We assessed the thermodynamic stability of the lithiated phases by generating Li-V-P-O and Li-Mo-P-O ground state phase diagrams as described in the methodology. The phase diagrams indicate that in the case of both M = V and M = Mo, the reaction competing for stability is:
The calculated reaction energy of 4.1 is −3 meV/atom for M = V and −7 meV/atom for M = Mo, indicating that there is a mild driving force for decomposition. However, it should be noted that the computed values are within typical GGA+U errors 44, 48 and also within energy differences caused by finite temperature effects. In previous work, for example, we observed that most phosphate cathodes known to exist experimentally have decomposition energies computed to be less than approximately 10 meV/atom in magnitude. 22 In addition to Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and Li 9 Mo 3 (P 2 O 7 ) 3 (PO 4 ) 2 , we also evaluated the energies of the mixed metal compounds Li 9 V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 for y = 1/3, 1/2, and 2/3. We calculated all symmetrically distinct orderings of metal substitutions. In all cases, mixing energies are within the convergence limits of our calculations (Table II) 26, 28 we compute the convex energy hull for Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 according to the methodology described in The computed convex hull is presented in Figure 3 . Beginning with the fully lithiated state (x = 9), the lowest energy configuration for removing the first Li (x = 8) corresponds to removing Li from the Li(1) site in the channel. This configuration is highly favored over removing either the Li(2) or the Li(3) sites: the energy of removing the Li(2) site is 959 meV/Li higher than removing the Li(1) site. It is somewhat difficult to evaluate the energy of removing the Li(3) site as the Li(3) vacancy migrates to the Li(1) position during our structural optimization. We can evaluate the energy for Li(3) removal only by using less stringent ionic convergence parameters; this yields an energy 442 meV/Li higher in energy than removal of Li(1). Our results agree qualitatively with those reported by Kuang et al. 28 using similar methods (735 meV greater for Li(2) removal and 489 meV greater for Li(3) removal compared to Li(1) removal); some quantitative disagreement may be attributed to the higher U parameter for V employed by Kuang et al. (U = 4.0 compared with U = 3.1). We note that in Figure 3 , the orderings at x = 8 that are close in energy to the ground state (black circles near −1 eV/f.u.) represent supercell orderings where half of the removed Li is from the Li(1) site and the remaining Li is removed from an Li (2) However, it should be noted that we find a competing ordering containing three Li(3) sites that is competitive in energy.
In summary, our computations show an ordered state at x = 8 due to removal of Li from the Li(1) site; this was initially hypothesized by Xu et al. based on examination of the electrochemical charge/discharge curves 27 and recently found computationally by Kuang et al. 28 While we compute energetics similar to Kuang et al. 28 for removing the first Li site (Li(1) → Li(3) → Li (2)), our detailed study further reveals that these site energetics change as function of Li content. In particular, after removal of the first Li, removal of Li(2) sites become more favorable than removal of Li(3) sites. Were this not the case, the voltage curve would only display two plateaus, corresponding to Li(1) removal followed by removal of five Li (3) 
Lattice parameter changes upon delithiation.-Upon intercalation, the resulting lattice parameter changes can sometimes lead to mechanical fracture of particles, leading to capacity loss on cycling. 49 A similar effect might be responsible for irreversible capacity loss observed in Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 . Therefore, we investigated the change in lattice parameters upon Li removal from Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and Li x Mo 3 (P 2 O 7 ) 3 (PO 4 ) 2 (Figure 4 ). For Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , we calculate that Li removal always leads to c-lattice parameter increase, whereas the a-lattice parameter decreases or only slightly increases. Our calculations indicate a significant c-lattice expansion of 13.7 Å to 14.6 Å during charge. These calculated results disagree qualitatively with recent experimen- tal measurements performed by Kuang et al., 28 which indicate that the c-lattice parameter varies only mildly upon charge to x = 4.1 (between 13.598 Å and 13.623 Å). In addition, whereas Kuang et al. 28 measure the a lattice parameter to always increase upon charge, our calculations indicate both a lattice parameter expansion and contraction upon delithiation.
The discrepancy between computation and experiment for the clattice parameter likely stems from the inability of standard GGA functionals to accurately model van der Waals interactions between the layers in the c-axis. Without these interactions, the attraction between the anion layers may be underestimated, leading to overestimation of the c-lattice parameter as is the case in our study. The discrepancy in the calculated a lattice parameter is not as severe as that for the c lattice parameter. From x = 9 to x = 8, our calculations indicate that the a lattice parameter expands by 0.0125 Angstroms, in good agreement with the results of Kuang et al., 28 which indicate a very slight increase of 0.013 Angstroms. From x = 8 to x = 4, the calculations indicate that the a lattice parameter contracts, which we speculate is due to V 3+ being oxidized to the smaller V 4+ and V 5+ . From x = 4 to x = 3, the calculations indicate a slight increase of the a lattice parameter. While the x = 3 state should contain only smaller V 5+ ions, the high valence of +5 might lead to electrostatic repulsion that overcomes ionic size effects. The calculated a lattice parameter trends for x < 8 are in slight disagreement with experiments. From x = 8 to x = 7, the measurements by Kuang et al. indicate that the a lattice parameter slightly increases by 0.039 Angstroms, 28 the experiments indicate a two-phase mixture, with the two measured phases having very different a lattice parameters (9.812 Angstroms and 9.439 Angstroms at x ∼ 4). 28 However, it is important to note that despite the individual discrepancies in experimental and computed a and c lattice parameters, the trends in the calculated volume change are still in rough agreement with the experimental data (Table III) .
For x = 4, our computations indicate that the a and b lattice parameters become inequivalent (a = 9.771 Å, b = 9.697 Å). At this lithiation level, XRD and HRTEM measurements by Kuang et al. 28 indicate the presence of a two-phase mixture. Kuang et al. 28 suggest that one of the phases has P3 symmetry and contains two unit cells (i.e., 196 atoms), which was not modeled in this work.
For M = Mo, we evaluated volume changes upon delithiation by using the Li orderings calculated for M = V. For x = 9 to x = 3, we calculate similar contractions of the a-lattice parameter and expansion of the c-lattice parameter as for M = V (Figure 4 ). However, it is probable that the lattice parameter trends for M = Mo suffer from the same lack of accurate van der Waals characterization as we observed for M = V. In this case, only trends in calculated cell volumes may be useful, as we found for M = V.
For M = Mo, we find that the c-lattice parameter increases with Li extraction for x > 3 but decreases with Li extraction for x < 3. This calculated behavior is in many respects qualitatively similar to what is observed for the complete deintercalation of LiCoO 2 . 50 The contraction of the c-lattice parameter at low x may be related to two factors. First, the removal of volume-occupying Li atoms could directly cause c-lattice contraction at low x as was previously hypothesized for LiCoO 2 . 51 Second, the anion layers (which include the transition metal) become more charge-neutral upon Li removal, which could reduce repulsion between layers and thereby reduce the c lattice parameter.
Stability during delithiation.-While we previously observed that the fully lithiated Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 was marginally unstable with respect to the competing reaction 4.1, we find that slightly delithiated Li 8 3 , and that the overall energy of decomposition is unfavorable by 5 meV/atom. It is somewhat surprising that our calculations indicate mixed-valent Li 8 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 to be a stable phase but the target compound x = 9 to be marginally unstable.
As we delithiate further, we find a fairly mild but growing instability ( Figure 7) . The x = 6 state is somewhat unstable (16 meV/atom) against decomposition into Li 4 P 2 O 7 , LiPO 3 , and LiV 2 (PO 4 ) 3 . The instability is even higher for x = 4 (38 meV/atom) and x = 3 (32 meV/atom) with respect to VP 2 O 7 , VPO 5 , and LiPO 3 . However, these instability energies are still fairly small.
In contrast to typical LiMO 2 materials, Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 contains residual Li even after fully oxidizing the metal. The residual Li may help retain the structural integrity of the material. The instability of the M = Mo compound upon charging is similar to M = V for the first six Li removed (Figure 7 ). However, for the Mo version, full oxidation of the metal would remove all nine Li, i.e., Table III . Calculated and experimental 28 Using the methodology outlined by Aydinol et al. 4 and our convex hull from Figure 3 , we are able to compute voltage profiles for Li x M 3 (P 2 O 7 ) 3 (PO 4 ) 2 . We compare our computed results with the experimental data obtained according to the methods described in section 3.7. The cathode sample used for electrochemical testing was confirmed to be single-phase Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 by X-ray diffraction with R p = 12.529 and R exp (R expected) = 3.182.
In Figure 6 the computed voltages are displayed for M = V alongside the experimentally measured voltage during the first cycle from 2.0 V to 4.7 V. We chose this voltage range because previous studies by Kuang et al. 26, 28 demonstrated that charging to higher than 4.8 V results in a discharge curve that is qualitatively different from the first charge curve. 26 The first voltage step (below ∼30 mAh/g on charge) represents removal of Li from the Li(1) site. Our computations underestimate the voltage of this step. Whereas the computations predict a voltage of 3.09 V, we measure an experimental charge voltage of 3.65 V. The discharge voltage is closer to our computation (approximately 3.22 V for the final 30 mAh/g shown), but measurements by Kuang et al. 28 suggest that the electrode might have slightly changed after completing a charge-discharge cycle. Our calculations are thus overstabilizing Li 8 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 relative to Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 . Part of the error might be attributed to the fact that our U value, which was calibrated using formation enthalpies for binary vanadium oxides, might be suboptimal for predicting voltages in the Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 crystal structure. A higher value of U would raise the voltage, 52 and prior work indicates that appropriate U values in phosphates 52, 53 may be higher than those in the oxides. 32 Recent calculations by Kuang et al. 28 on Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 indeed predict a higher voltage of 3.4V for the first step using U equal to 4.0. However, it is also possible that the underestimated computed voltage stems from an incomplete understanding of the Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure, causing it to be understabilized in our calculation. Although we computed 50 Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 structures with slightly modified lithium positions to try to find an alternate ground state (see Methodology), we did not find a structure with significantly lower energy than that of the original structure.
Our calculations successfully reproduce the large voltage step between removing the first and second/third Li sites ( Figure 6 ). Our convex hull indicated that this voltage step arises from switching from Li(1) removal to Li(2) removal. Our computed voltage (4.17 V) for the second voltage step is lower than the measured average charge voltage (4.37 V), but closer to the discharge voltage (approximately 4.14 V for the matching step). Our experimental data displays a region of solid solution-like behavior between the first and second plateau that is not reflected in the computation. This might indicate the presence of disorder between Li(1) and Li(2) vacancies. To understand the nature of the solid solution, calculations for 7 < x < 8 using large supercells may be needed. In addition, subtle effects on the voltage curve often arise from entropic contributions to the free energy that are not modeled in this work. A cluster expansion approach might help reveal the nature of the solid solution. 54 We calculate an approximately 0.3V step between removing the third and fourth Li (approximately 87 mAh/g), corresponding to a transition from the V 3+/4+ to V 4+/5+ redox couple ( Figure 6 ). This calculated voltage step is in agreement with general results obtained from a large number of vanadium phosphates 22 but is not present in the experimental curves, either in the present study or previously reported experiments. 26, 28 It is conceivable that there is disproportionation of V 4+ to V 3+ and V 5+ in the material as has been previously suggested for vanadium NASICON cathodes, 40 although recent XPS data from Kuang et al. 28 demonstrates that the oxidation state of V transitions from 3+ → 4+ → 5+ during charge. It therefore remains unclear why there is no observable voltage step at approximately 87 mAh/g in the experiments.
At approximately 100 mAh/g, the experimental charge curve exhibits a small voltage step ( Figure 6 ). This step is not predicted by our computations, and is less pronounced in the electrochemical data reported by Kuang et al. 26 In addition, the capacity extracted from this step appears to be non-reversible. Therefore, this voltage step may represent a side reaction rather than topotactic removal of Li.
In addition to studying M = V, we also calculated voltage curves for the hypothetical Mo-doped compounds Li x V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 for y = 1/3, 1/2, 2/3, and 1. The full set of calculated voltage curves are presented in Figure 7 . For the pure Mo compound (y = 1), we note that in theory up to 9 Li + may be extracted from the structure as Mo may be oxidized to Mo 6+ . At x = 6, we see only a small voltage step of about 0.1 V corresponding to the transition from the Mo 3+/4+ to the Mo 4+/5+ redox couple. The small voltage difference between the Mo 3+/4+ to Mo 4+/5+ redox couples is typical both in phosphates and in oxides. 22 Figure 7 also demonstrates a larger voltage step at x = 3 of approximately 0.5 V, in line with observations that the Mo 4+/5+ and Mo 5+/6+ redox couples are approximately 0.3 V apart in phosphates. 22 The large final step at x = 1 indicates that removing the final Li + (from the Li(1) site) leads to an unstable structure. This is also reflected by the sharp increase in the decomposition energy for x = 0 (Figure 7) .
For the mixed Mo-V compounds, the voltage profile is complex because there exist three distinct Li sites and a total of five active redox couples (V 3+/4+ , V 4+/5+ , Mo 3+/4+ , Mo 4+/5+ , Mo 5+/6+ ). By analyzing the calculated final magnetic moments on the transition metal ions, we determined that oxidation of the ions in the mixed compounds occurs in the order: Mo 3+/4+ , V 3+/4+ , Mo 4+/5+ , V 4+/5+ , Mo 5+/6+ . The order is somewhat surprising as we would have expected V 4+/5+ oxidation to occur after Mo 5+/6+ ; data-mined voltages across phosphates demonstrate that the Mo 5+/6+ couple in general tends to be approximately 0.4 V lower in voltage than V 4+/5+ . 22 It should be noted that GGA+U cannot always be relied upon to localize the hole on the appropriate metal, and the order may change depending on the values of U assigned to Mo and V.
Because we expect Mo voltages to be lower than V voltages, 22 we also expected that, across the same range of x, the Mo-doped samples would reduce the average voltage from the pure V sample. This is indeed borne out in the calculations; the average voltage from x = 9 to x = 3 is reduced by 0.1-0.15 V per 1/3 Mo doped (Figure 7 ). As the pure V compound is too high in voltage toward the end of charge, we hypothesized that lowering the average voltage might be beneficial for electrochemical performance. However, this advantage is dampened by two factors. First, the Mo doping reduces the voltage of the initial charge step by 0.3-0.4 V due to activation of the Mo 3+/4+ couple rather than V 4+/5+ . This is undesirable because the initial V 4+/5+ experimental voltage of 3.75 V is safe and provides good energy density. Second, although Mo doping theoretically increases the capacity due to the possibility of using the Mo 6+ redox state, it is unclear that this capacity can be fully achieved in practice. Removing the final Li + sites (below about x = 3) from the Mo-doped materials leads to unstable structures that increase the voltage to over 4.6 V (Figure 7) . Therefore, although Mo doping reduces the average voltage, and theoretically may exchange more Li + , the capacity near the end of charge may be unusable due to high voltage. We discuss this trade-off in greater detail in the Discussion.
Safety and Stability of the Delithiated Phases
As Li ion batteries become integrated into automotive applications, the issue of safety upon heating becomes of great concern as O 2 released from the cathode can react with the electrolyte to cause thermal runaway. Recently, Ong et al. presented a computational methodology to evaluate the intrinsic safety of Li ion battery cathodes by calculating the critical oxygen chemical potential (μ O2-crit ) at which charged cathodes release O 2 . 5 In their study, Ong et al. observed that MnPO 4 was much more prone to O 2 release (and thereby less safe) than FePO 4 , 5 against the intuition of many researchers in the field but in agreement with experimental measurements. 14, 55 Subsequently, Hautier et al. evaluated on a large scale the safety of all interesting battery redox couples in the phosphates chemistry. 22 In particular, they observed that V 5+ and Mo 6+ have on average a similar μ O2-crit . Using the same methodology, we evaluated the intrinsic safety of delithiated Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and the effect of Mo substitution.
Our calculations indicate that safety is indeed a concern for delithiated Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , despite the presence of phosphate groups in the structure. Delithiated Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 is thermodynamically unstable by 32 meV/atom, and its decomposition is predicted to release O 2 gas according the reaction: 3 [6.1] where the O 2 energy has been adjusted for ambient conditions using the correction derived by Wang et al. 32 Because fully charged Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 thermodynamically favors O 2 release, its safety will depend on kinetic limitations to O 2 release rather than a thermodynamic 'safeguard'. The intrinsic safety concern of this material may limit the ability to reduce particle size to improve electrochemical performance, as smaller particles increase reactivity of the cathode with the electrolyte.
We note that Mo doping improves the safety of Li 3 3 (μ O2-crit = −1.06), which has been reported to decompose at approximately 200 • C (with the first exothermic peak occurring at 220 • C) in the presence of electrolyte. 56 Fully delithiated Mo 3 (P 2 O 7 ) 3 (PO 4 ) 2 also is not predicted to release O 2 under ambient conditions, again producing solid reaction products (driving force is 88 meV/atom):
The μ O2-crit of Mo 3 (P 2 O 7 ) 3 (PO 4 ) 2 is −0.12, indicating that its safety should be comparable to charged Li 0.5 CoO 2 , which has been reported to decompose between 170 and 230 • C. 57, 58 Thus, while the Mo-doped cathodes demonstrate a higher driving force for decomposition in the charged state, the decomposition products are solid phases which are less likely to be of concern for cathode safety. 
Li-V Antisite Defects
When charging to 4.8V, Kuang et al. report that the subsequent discharge of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 displays different electrochemical behavior. In particular, the discharge voltage drops approximately 0.5 V and voltage plateaus become less pronounced. 26 Despite the shift in electrochemistry, Kuang et al.'s initial study does not report any significant changes in the XRD pattern of the cathode before and after charge, indicating that the structural integrity of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 is maintained. 26 A recent follow-up by Kuang et al. indicates that the cell volume differs by 0.36% after charge to 4.6 V and discharge, 28 but reports that structural integrity is still maintained. We investigated whether the differences in charge and discharge electrochemical behavior might be due to an exchange of Li and V sites. Such antisite defects could affect the energetics of charging/discharging while perhaps being difficult to detect via XRD. Table IV lists the calculated antisite defect energies for fully delithiated and fully lithiated Li x V 3 (P 2 O 7 ) 3 (PO 4 ) 2 in which one Li and one V were exchanged in the 98-atom unit cell. In the lithiated state, the most favorable antisite defect is exchange of V 3+ with the Li(2) site with energy 1.43 eV. This energy is quite high and should lead to low defect concentrations. In the dilute limit, the defect concentration can be expressed as:
where c is the defect concentration, N/V is the number of possible defect configurations per unit volume, E F is the defect formation energy, k is the Boltzmann constant, and T is temperature. For one formula unit of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 , there exist six potential exchanges of Li(2) and V 3+ sites; using the computed formula unit volume, the defect concentration c would be an extremely low 0.007 cm −3 according to equation 7.1. Our calculations thereby suggest that Li-V antisite defects in the fully lithiated phase should not be responsible for changes in electrochemical profile.
In the delithiated state, the defect energies are even higher; the lowest antisite defect energy is approximately 3 eV corresponding to V 5+ exchange with an Li(3) site. We also calculated the energy of V 5+ exchanging with an empty Li(2) site, but found this exchange energy to be extremely high (4.5 eV). We did not consider the possibility of Li and V exchange simultaneously accompanied by Li site rearrangement.
Given the extremely high calculated antisite defect energies in the fully charged and fully discharged states (1.43 eV to 4.5 eV), we speculate that the presence of antisite defects is not responsible for the change in the electrochemical profile of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 . However, it should be noted that antisite defects were not investigated for intermediate lithiations, and it cannot be ruled out that the antisite defect energy is more favorable at an intermediate lithium level. It is also possible that other types of defects may be present in this material and further exploration of the defect chemistry of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 may yield new insights.
Diffusion
Diffusion in Li 9 
-The crystal structure of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 contains Li-layers and large c-axis channels that contain only Li (Figure 1) . A topological depiction of Li sites and connections between sites within the Li-layer is illustrated in Figure 8 . The main features are rings of Li(3) sites with an Li(1) site in the center. The rings are connected to one another via Li(2) sites.
The most obvious pathway for Li diffusion is within the large caxis channels (between layers). For this pathway, we computed the Li vacancy migration barrier to be 740meV (Table V) , indicating that channel diffusion is likely slow.
An alternate diffusion path for Li is to diffuse across the Li layer. However, both our GGA+U calculations and our NEB calculations indicate that Li vacancies are not stable at Li(3) sites and relax easily to Li(1) sites. This restricts the number of potential diffusion paths. One plausible diffusion path within the Li layer is a simultaneous Li(1) ➔ Li(3) and Li(3) ➔ Li(2) migration of the vacancy so that the vacancy does not rest on an Li(3) site. We calculated the total activation energy of this transition to be extremely large at nearly 1.3 eV (Table V) . Much of this net barrier can be traced to the fact that a vacancy in the Li(2) site is thermodynamically much higher in energy than a vacancy in the Li(2) site. The Li(2) site energy compared to the Li(1) site energy is 959 meV higher according to GGA+U calculations, and 978 meV in the GGA calculations considered here. The net diffusion of Li(1) vacancies to Li(2) sites is largely hindered by the much higher site energy of vacancies in the Li(2) site.
A third potential path for Li(1) vacancy diffusion is a simultaneous hop involving 4 Li ions: Li(1) ➔ Li(3), Li(3) ➔ Li(2), Li(2) ➔ Li(3), and Li(3) ➔ Li (1) . While it appears unlikely that four Li ions are migrating simultaneously, the balance between entering and departing Li from the high-energy Li(1) site may produce a lower net migration barrier. We did not investigate this complex transition in this study. Thermodynamically, we expect the Li(2) site to be removed next, as discussed previously. We evaluated several diffusion paths for which the Li(2) vacancy first migrates to the closest Li(3) site, and then migrates to an adjacent Li(3) site. This series of hops is sufficient to form a percolating diffusion network through the Li layer (see Figure 8 ).
For the first portion of the diffusion path, Li(2) → Li(3) vacancy migration, we calculated an activation barrier of 518 meV. For the second portion of the diffusion path, Li(3) → Li(3), migration, we evaluated four different hops. The first hop tested is through the Li channel and crosses Li layers, similar to Li(1) diffusion in the channel. The remaining three hops are illustrated in Figure 9 . Each Li(3) site is closely coordinated to three oxygen ions which form a ring around (Table V) . The high migration barrier is not surprising because it essentially involves promoting a Li(3) vacancy to the Li(1) site and then Li(1) vacancy in-channel diffusion. From our results for the fully lithiated case, we can estimate the first part of this migration to be approximately 442 meV and the latter to be 740 meV (Table V) .
For the three remaining Li(3) → Li(3) paths, our calculations indicate that the most favorable transition occurs via the 'inside' path with a low net activation energy of 465 meV (Table V) . The S-route and outside migration paths have higher activation energies of 646 meV and 745 meV, respectively.
The energy profile of the migration path from Li(2) to Li(3) is plotted in Figure 10 . Our results indicate that the rate-limiting step should be the first portion of Li(2) → Li(3) diffusion with an activation barrier of 518 meV. Our calculations are in reasonable agreement with experimental diffusivity measurements by Poisson et al. 24 on the isostructural Li 9 Al 3 (P 2 O 7 ) 3 (PO 4 ) 2 and Li 9 Fe 3 (P 2 O 7 ) 3 (PO 4 ) 2 where the inter-layer activation barriers were determined to be 1.22 eV and 1.20 eV, respectively, and the in-layer activation barriers were determined to be 660 meV and 690 meV, respectively. Although it is not known whether samples from Poisson et al. 24 might have been slightly Li deficient, the activation barriers they report fall between our calculated values for Li 8 The calculated in-plane diffusion activation energy for Li 8 V 2 (P 2 O 7 ) 3 (PO 4 ) 2 is higher than some commercialized cathode materials, which have activation barriers of approximately 400 meV or less. [59] [60] [61] However, the higher activation barrier may be partially mitigated by the defect tolerant 2D diffusion network and the large diffusion distance per 518 meV activation (over 9 Å). It would be interesting to investigate the effect of layer spacing on diffusivity as was previously conducted by Kang et al. for the layered oxides. 62 Given the large calculated migration barrier for Li(1) diffusion, it is somewhat surprising that the experimental data reported by Kuang et al. displays only a small overpotential for the Li 9 V 2 (P 2 O 7 ) 3 (PO 4 ) 2 to Li 8 V 2 (P 2 O 7 ) 3 (PO 4 ) 2 voltage step at a moderate C/10 rate. 26 Combined with the evidence that theory underestimates the magnitude of this voltage step, this suggests that the Li 9 V 2 (P 2 O 7 ) 3 (PO 4 ) 2 to Li 8 V 2 (P 2 O 7 ) 3 (PO 4 ) 2 might involve complicated intercalation behavior that would benefit from further study.
Discussion and Cathode Design
From a design perspective, Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 is a promising cathode for optimization amongst potential phosphate materials. A recent analysis by Hautier et. al. 22 demonstrates that amongst one-electron phosphates, only chemistries utilizing the Mn 2+/3+ and Cu 1+/2+ redox couples are capable of surpassing LiFePO 4 's specific energy while retaining a reasonable voltage (Mn 2+/3+ in the form of LiMnPO 4 is currently the subject of intense study, and Cu 1+/2+ cathodes will likely be difficult to design 22 ). Beyond the one-electron phosphates, Hautier et al. suggested that the V 3−5 and Mo 3−6 redox couples are promising avenues to design phosphates with high specific energy. 22 Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 is an ideal candidate for this latter strategy because it theoretically contains enough Li to support up to three electrons removed per transition metal (the well-studied NASICON Li 3 M 2 (PO 4 ) 3 is another known example). [63] [64] [65] If both the V 3−5 and Mo 3−6 couples could be fully accessed at reasonable voltages, the theoretical capacities of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and Li 9 Mo(P 2 O 7 ) 3 (PO 4 ) 2 are 173 mAh/g and 227 mAh/g (compared to 170 mAh/g for LiFePO 4 ), with the added benefit of a higher operating voltage. Thus, optimization of Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 could be of great commercial interest.
Our computational study of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 revealed that, in addition to the known problem of high operating voltage, 26 a concern for this material is the intrinsic safety of delithiated Li 3 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 . Although the phosphate chemistry is often assumed to be intrinsically safe due to strong P-O bonds, this assumption has recently been challenged by computational studies 5, 22 and experimental observations. 66 26 Volume changes during intercalation can sometimes explain capacity loss on cycling due to mechanical fracture of electrode particles. 49 We calculated that volume changes for Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 were mild (<1.7% up to ∼145 mAh/g, < 4% for full capacity).
A further reason for capacity loss upon cycling could be decomposition of the active material. Our calculations indicate that decomposition energies of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 during cycling are generally quite low (<40 meV/atom). Ex-situ analysis of cycled Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 electrodes by Kuang et al. 26, 28 did not find any secondary phases, further suggesting that electrode decomposition is minimal.
Our computed convex hull indicates that Li migrates from the Li(3) to Li(1) when charging below x = 6, or approximately 87 mAh/g. The electrochemical data from Kuang et al. 26 demonstrates that qualitative changes in the discharge curves occur for Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 when charging above approximately 110 mAh/g. It is possible that the change in electrochemical profile is related to the Li migration as was previously suggested for the vanadium NASICON structure 40 and hypothesized by Kuang et al. 26 However, the full mechanism of such a potential structural change remains to be characterized.
We determined that the changes in electrochemical profile when charging to 4.8V 26 are likely not caused by antisite defect formation in either the fully lithiated or fully delithiated state. We calculate very high antisite defect formation energies (approximately 1.4 eV for the lithiated state and 3.0 eV for the delithiated state), indicating that antisite defect concentrations are likely very low at the endpoints of lithiation.
Our computations indicate that doping Mo into the V site produces compounds that are only mildy unstable and might therefore be synthesizable. We also hypothesized that such Mo-doping could lower the operating voltage of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 and additionally provide a higher capacity. Although Mo doping is indeed calculated to lower the average voltage of Li 9 V 3 (P 2 O 7 ) 3 (PO 4 ) 2 as was desired, it increases the magnitude of voltage steps during cycling. In particular, the first lithiation step drops by 0.3-0.4 V, making its voltage too low, and the last lithiation step rises close to or above 5 V (Figure 7) . The high final voltage step is not intrinsic to the Mo 5+/6+ couple but rather due to a high energy needed to extract the final Li + sites from the Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 structure. This hypothesis is supported by Figure 7 , which demonstrates that the voltage of the last Mo 5+/6+ step in Mo-doped samples varies from approximately 4.5 V to approximately 6V depending on the x value at which the Li site is removed. This interpretation is also consistent with data-mined voltages for Mo 5+/6+ in phosphates by Hautier et al. that indicate Mo 5+/6+ voltages are typically approximately 4 V in the absence of strong Li + site effects. 22 The hypothetical Mo-doped samples have slightly higher decomposition energies and slightly higher volume changes than the pure V version (Figure 7 ). While the decomposition energies of Mo-doped Li 9 M 3 (P 2 O 7 ) 3 (PO 4 ) 2 are higher, the decomposition products are solid phases that should lead to better intrinsic safety with respect to O 2 release (Figure 7) . The higher values of volume change for Mo-doped compounds may be some cause for concern, but may need to be validated through experimental studies or further computational studies that include explicit van der Waals contributions to the energy.
Although the pure V and pure Mo compounds provide in theory 173 mAh/g and 226 mAh/g of capacity, respectively, it is not clear that the full theoretical capacities can be reversibly and safely attained in practical cells. To evaluate more quantitatively the relative benefits and disadvantages of Mo-doping, we establish several design criteria to be met over the entire intercalation process: r Voltage must be between 3.0 V and 4.6 V r Intrinsic safety μ O2-crit. must be less than zero (no thermodynamic driving force for O 2 release under ambient conditions) r Overall volume change must be under 10% While these are fairly inclusive criteria, our goal is to allow for some error in the calculations to avoid excluding any potentially promising candidates. We note that an upper cutoff voltage of 4.6 V was the highest voltage demonstrated by Kuang et al. to demonstrate good cyclability. 26, 28 We present in Table VI the range of x for Li x V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 for which each design criterion is met. We then define a 'usable intercalation range' by determining the range of x that meet all design criteria. It is important to note that other factors, such as Li + diffusivity, may also play a role in determining usable capacity. For this analysis, we have ignored potential diffusion Table VI . Lithiation ranges for which Li x V 3−3y Mo 3y (P 2 O 7 ) 3 (PO 4 ) 2 (for y = 0, 1/3, 1/2, 2/3, and 1) meet the design criteria specified in the columns. We define a usable intercalation range for each material as the intercalation range that meets all design criteria. We find that only y = 2/3 doping expands the usable range of Li 
